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RNA polymerase II nuclear targetingXAB1/Gpn1 is a GTPase that associates with RNA polymerase II (RNAPII) in a GTP-dependent manner.
Although XAB1/Gpn1 is essential for nuclear accumulation of RNAPII, the underlying mechanism is not
known. A XAB1/Gpn1-EYFP ﬂuorescent protein, like endogenous XAB1/Gpn1, localized to the cytoplasm
but it rapidly accumulated in the cell nucleus in the presence of leptomycin B, a chemical inhibitor of the
nuclear transport receptor Crm1. Crm1 recognizes short peptides in substrate proteins called nuclear export
sequences (NES). Here, we employed site-directed mutagenesis and ﬂuorescence microscopy to assess the
functionality of all six putative NESs in XAB1/Gpn1. Mutating ﬁve of the six putative NESs did not alter the
cytoplasmic localization of XAB1/Gpn1-EYFP. However, a V302A/L304A double mutant XAB1/Gpn1-EYFP
protein was clearly accumulated in the cell nucleus, indicating the disruption of a functional NES. This func-
tional XAB1/Gpn1 NES displays all features present in most common and potent NESs, including, in addition
to Φ1–Φ4, a critical ﬁfth hydrophobic amino acid Φ0. Therefore, in human Gpn1 this NES spans amino acids
292-LERLRKDMGSVAL-304. XAB1/Gpn1 NES is remarkably conserved during evolution. XAB1/Gpn1 NES
was sufﬁcient for nuclear export activity, as it caused a complete exclusion of EYFP from the cell nucleus. Mo-
lecular modeling of XAB1/Gpn1 provided a mechanistic reason for NES selection, as functionality correlated
with accessibility, and it also suggested a mechanism for NES inhibition by intramolecular masking. In
conclusion, we have identiﬁed a highly active, evolutionarily conserved NES in XAB1/Gpn1 that is critical
for nucleo-cytoplasmic shuttling and steady-state cytoplasmic localization of XAB1/Gpn1.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
XAB1/Gpn1 is a protein that belongs to a small family of GTPases
called GPN, because all three members of this family, Gpn1, Gpn2
and Gpn3, contain an invariant glycine–proline–asparagine structural
loop [1]. XAB1/Gpn1 was originally identiﬁed in a yeast two-hybrid
study by its ability to interact with XPA, a protein involved in the
DNA nucleotide excision repair pathway [2]. In this pioneer study it
was demonstrated that an intact nuclear localization signal in XPA
was essential for its interaction with XAB1/Gpn1, which led the
authors to propose that XAB1/Gpn1 was involved in the nuclear localiza-
tion of XPA [2]. Ten years later, itwas shown that indeedXPAaccumulates
in the cell nucleus upon exposure to UV-light in a XAB1/Gpn1-dependent
manner [3].rsidad Autónoma de San Luis
, San Luis Potosí, S.L.P., México.
ez-Olea).
l rights reserved.Jeronimo et al. [4] also showed that XAB1/Gpn1 co-purify with
RNA polymerase II (RNAPII) and they called it RNAP4, for RNA poly-
merase II associated protein 4. This physical association has been
reproduced by other groups [5–7]. RNAPII is the multisubunit enzyme
that synthesizes all messenger RNAs that subsequently direct the
making of all proteins in the cell. In fact, these proteomics studies
have demonstrated that all three Gpn proteins, Gpn1, Gpn2 and
Gpn3, physically associate with RNAPII [7,8], and that this association
is strong enough to resist all steps involved in the biochemical puriﬁ-
cation of RNAPII complex to homogeneity. The Gpn orthologs in yeast
also associate with RNAPII [5,6]. The association of the yeast Gpn1
ortholog to Rpb1, the largest subunit of RNAPII, was shown to depend
on the nucleotide state of Gpn1, with the GTP-bound form binding
more effectively to Rpb1 [6]. Importantly, Gpn proteins are needed
for optimal RNAPII activity in both, yeast [4] and human [8] cells.
Conditioned suppression of Gpn proteins in yeast results in basically
the same change in gene expression as inactivating a bona ﬁde subunit
of RNAPII [4]. In a similarmanner to the functional relationship between
XAB1/Gpn1 and XPA, Gpn1 is required for the nuclear accumulation
of RNAPII in both, yeast [6,9] and humans [5,9], explaining quite well
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wider context, why Gpn1 is an essential protein [10]. We have recently
shown in our laboratory that in mammalian cells Parcs/Gpn3 is also
required for optimal transcriptional activity and nuclear accumulation
of RNAPII [8].
Although XAB1/Gpn1 is localized to the cytoplasm at steady-state
[2,9], it is imported and exported to and from the cell nucleus [9,11].
Treating cells with leptomycin B, a chemical inhibitor of the export
factor Crm1 results in nuclear accumulation of XAB1/Gpn1 [9,11]. As
XAB1/Gpn1 physically associates with RNAPII [4,6] and undergoes
nucleocytoplasmic shuttling [11], the simplest, although certainly
not the only one, model to explain the critical role played by Gpn1
in the nuclear accumulation of RNAPII, is that the RNAPII enzymatic
complex enters the cell nucleus in a piggyback manner with XAB1/
Gpn1. In support of this model, treatment with leptomycin B also
results in the cytoplasmic accumulation of RNAPII, tentatively because
this drug caused the nuclear trapping of an essential transport factor,
i.e., XAB1/Gpn1. In this model, the nucleocytoplasmic transport cycle
of XAB1/Gpn1would play an essential role in the nuclear accumulation
of RNAPII. In the course of our studies, originally focused on identifying
a putative nuclear localization signal in XAB1/Gpn1, we employed
site-directed mutagenesis to generate a mutant version of XAB1/Gpn1
that we expected to be defective in nuclear export [11]. Although the
short sequence in XAB1/Gpn1 is leucine-rich, and conforms perfectly
to the nuclear export sequence (NES) described in the literature [12],
themutant protein, in our hands, did not accumulate in the cell nucleus,
as predicted. However, in our experiments leptomycin B had the same
effect described previously, i.e., XAB1/Gpn1 quickly accumulated in
the cell nucleus, indicating that, most likely, XAB1/Gpn1 contains a
NES which is recognized by Crm1, the only cellular target known for
leptomycin B [13].
Here, we employed site-directedmutagenesis andﬂuorescence light
microscopy to demonstrate that only one of the six putative NESs in
XAB1/Gpn1 is functionally important for nuclear export of a XAB1/
Gpn1-EYFP ﬂuorescent protein. XAB1/Gpn1 functional NES contains
all salient features of most common and potent NESs, including the
speciﬁc spacing between hydrophobic amino acids Φ1–Φ4 [12], and
the presence of a critical ﬁfth hydrophobic amino acid Φ0. In support
to our proposal that XAB1/Gpn1 NES is functionally important,
we found that this sequence is remarkably conserved from yeast to
humans. This high degree of NES conservation in evolution suggests
that nucleocytoplasmic shuttling may be critical for XAB1/Gpn1 func-
tion in eukaryotic cells. We also showed that XAB1/Gpn1 NES is not
only necessary, but it is also sufﬁcient to mediate nuclear export, as it
caused a complete exclusion of EYFP from the cell nucleus. Finally, we
took advantage of the structural information available for the XAB1/
Gpn1 ortholog in Pyrococcus abyssi to perform molecular modeling of
XAB1/Gpn1. Our results provided a mechanistic explanation as to the
obvious question of how the cell selects which of all six putative NESs
present in XAB1/Gpn1 is going to be functional for nuclear export.
We found that functionality was determined by accessibility. Of all six
NESs present in XAB1/Gpn1, the functional one was the most exposed
to the solvent, and very likely, also to Crm1. Molecular docking of
XAB/Gpn1NES showed that this NES ﬁts perfectly into the hydrophobic
groove of Crm1 that directly binds all NES motifs in cargo proteins. Our
molecularmodeling experiments also allowed us to identify a predicted
closed conformation of the protein in which the functional NES is no
longer exposed. We predict that intramolecular masking of XAB1/Gpn1
NES could be an excellent molecular mechanism to inhibit XAB1/Gpn1
NES function and achieve the nuclear accumulation of XAB1/Gpn1, a
cytoplasmic protein at steady-state conditions. We believe our conclu-
sions are relevant to understand how XAB1/Gpn1 functions in nuclear
import of cargo proteins such as RNAPII and XPA, and also beyond this
role, as XAB1/Gpn1 has been isolated from nuclear fractions [6], and
nuclear functions have also been demonstrated for this protein [11,14].
We propose that inactivation of its highly efﬁcient NES may constitutean effective mechanism to retain at least a fraction of XAB1/Gpn1 in the
cell nucleus.2. Materials and methods
2.1. Reagents
Chemicals and reagents were obtained from Sigma (St. Louis, MO),
and all tissue culture reagents were from Invitrogen (Carlsbad, CA).2.2. Cell culture conditions
HEK 293T/17 cells were obtained from the American Type Culture
Collection (Manassas, VA). Cells were grown and maintained in high-
glucose Dulbecco's modiﬁed Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). Culture medium contained 100 U/ml
penicillin and 100 μg/ml streptomycin in a humidiﬁed air-CO2 atmo-
sphere at 37 °C.2.3. Generation of XAB1/Gpn1-EYFP and mutants
Full-length cDNA for human XAB1/Gpn1 was inserted into HindIII
and Kpn1 sites of pEYFP-N1 vector. XAB1/Gpn1 double mutants
(V150A/I152A, M227A/L229A, L238A/V240A, V241A/V243A, L254A/
V256A, V302A/L304A) were generated by site-directed PCR mutagen-
esis using XAB1/Gpn1-EYFP as template. Mutagenic oligonucleotides







and 5′-cagaacagcagaggcacccgccaccctgagtga-3′; L254A/V256A: gttctg
ggtactggattagatgaagcctttgcgcaagttaccagtgc and gcactggtaacttgcgcaaa
ggcttcatctaatccagtacccagaac; V302A/L304A: 5′-gaaaagatatgggttctgcag
ccgcggatgcagggactgccaa-3′ and 5′- ttggcagtccctgcatccgcggctgcagaacc
catatcttttc-3′. To investigate if XAB1/Gpn1 NES was sufﬁcient for
nuclear export activity, an oligonucleotide encoding amino acids
E290-V304 of human XAB1/Gpn1 was inserted in frame to the
carboxy-terminal end of EYFP in pEYFP-C1 digested with the enzymes
SalI and BamHI. The oligonucleotide sequences were the following: wt
XAB1 NES, forward oligo 5′-tcgacgaacaactggaacgccttcgaaaagatatggg
ttctgtagccttgtagg-3′, reverse oligo gatccctacaaggctacagaacccatatcttttc
gaag gcgttccagttgttcg; V302A/L304A double mutant XAB1/Gpn1 NES
(nucleotides differing from the wild‐type sequence are in bold): for-
wardoligo tcgacgaacaactggaacgccttcgaaaagatatgggttctgCagccGCgtagg,
reverse oligo gatccctacGCggctGcagaacccatatcttttcgaaggcgttccagttgttcg.
The corresponding oligonucleotides were annealed and ligated into
the pEYFP-C1 vector. Final constructs were sequenced to conﬁrm that
they contained the intended oligonucleotides.2.4. Expression of wild‐type and mutant forms of XAB1/Gpn1-EYFP
HEK 293T/17 cells were transfected with puriﬁed DNAs (2 μg) by
the calcium phosphate method, and after 24 h cells were washed
twice in PBS and ﬁxed with 3.7% formaldehyde in PBS (pH 7.4) for
15 min at room temperature. After rinsing the cells with PBS, they
were permeabilized with 0.2% triton X-100 in PBS for 15 min at room
temperature. The cells were counterstained with DAPI to visualize the
nuclei and pictures of XAB1/Gpn1-EYFP and DAPI were acquired at
60× with an Olympus inverted ﬂuorescence microscope equipped
with an evolution MP camera.
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Homology models for monomeric human XAB1/Gpn1 were built
using I-TASSER server, which employs a fragment-based method inwhich fragments are excised from multiple template structures and
reassembled, based on threading alignments [15]. The best threading
templates used by I-TASSER includes the crystal structures of the
ortholog XAB1/Gpn1 PAB0955 from P. abyssi as the top ranked templates
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obtained, the model with the highest score (C-score−2.6) was selected
as the closed conformation of Gpn1 andwas used for further reﬁnement.
The open full-length model of XAB1/Gpn1 comprising residues 1–374
was built by taking together the amino-terminal GTPase domain of
the closed conformation model generated with I-TASSER and the
carboxy-terminal domain of the best model generated by comparative
modelingwith ROBETTA server, reference template used by ROBETTA in-
cludes the crystal structure of the ortholog XAB1/Gpn1 PAB0955 from
P. abyssi and the crystal structure of elongation factor Tu (PDB accession
codes 1YR6 and 2HCJ) [16]. Therefore, the ﬁnal openmodel was built by
least square ﬁtting superposition of residues 253–264 of the aforemen-
tioned models using COOT (RMSD 0.16 Å) [17] and the resulting model
was further energy minimized with UCSF Chimera [18]. As a ﬁnal step,
geometry regularization of the complete protein model was performed
using PHENIX 1.7.2-869 [19]. The quality of the models was analyzed
using the programs Molprobity and ProSa [20,21].
The stereochemistry analysis shows that 93.3% and 91.4% of the
peptide bonds were in the favored regions of the Ramachandran
plot, respectively for the XAB1/Gnp1 extended and closed conforma-
tions models. The ProSa z-scores calculated for the XAB1/Gnp1 open
and closed conformation models were −7.2 and −7.3 respectively;
those values are in the range of scores typically found in proteins of
similar sequence length [21]. UCSF Chimera [18] was used for molec-
ular graphics analyses and imaging.
Residue solvent accessibility were calculated using the programs
Surface Racer and DSSP, by rolling a probe atom of 1.4 Å on the Van
der Waals surface of the protein model [22,23]. Values reported
here are the means per residue of the NES sequence.
XAB1/Gpn1 NES6 model was built taking the ﬁrst 17 residues of
chain B from PDB accession code 3NBY. This region includes the NES
sequence of PKI at the center with two extra residues either at the C
and N terminus. Residues that did not match the sequence of XAB1/
Gpn1 NES6 were modiﬁed using COOT. The output model of COOT
was used to perform a high-resolution docking approach using the
Rosetta FlexPepDock protocol [24]. Crm1model coordinates for docking
were taken from PDB accession code 3NBY (chain A) and the approxi-
matepeptide backbone starting conformationwasprovidedby superpos-
ing our XAB1/Gpn1NES6model to the corresponding region of chain B of
the same PDB ﬁle. 200 independent simulations were performed and the
best ranking models were selected using the Rosetta generic full-atom
energy score. FlexPepDock protocol consists of two alternating modules
that optimize both the peptide backbone and its orientation using the
Monte-Carlo with minimization approach allowing signiﬁcant changes
in both peptide backbone and side chains.
3. Results
As XAB1/Gpn1 physically associates with RNAPII and is required for
the nuclear accumulation of this enzyme, one model is that XAB1/Gpn1
provides RNAPII with a nuclear localization signal to cross the nuclear
pores. This model would require XAB1/Gpn1 to possess the ability to
enter the cell nucleus and to be exported from it. Indeed, it has been
shown that XAB1/Gpn1 shuttles between the cytoplasm and the cell
nucleus, a transport cycle unveiled by the nuclear trapping of an
EGFP-XAB1/Gpn1 ﬂuorescent protein in the presence of the Crm1 inhib-
itor leptomycin B [9,11]. Importantly, leptomycin B also caused retentionFig. 1. XAB1/Gpn1 shuttles between the cytoplasm and the cell nucleus. A) HEK 293T/17 cells
chemical inhibitor of the nuclear export receptor Crm1. Cells were ﬁxed at the indicated time p
were taken under a ﬂuorescent microscope at 60×. B) The percentage of HEK 293T/17 cells dis
after leptomycin B addition. The distribution was evaluated by counting at least 600 trans
cleus/cytoplasm XAB1/Gpn1-EYFP ﬂuorescence ratio increased over time after leptomycin B add
at the indicated times with the program ImageJ. Results are means±SD. D) Effect of leptomy
were treated with 10 ng/ml leptomycin B or the same volume of 70% methanol, which is the ve
B addition. Proteinswere separated by SDS-PAGE and analyzed bywestern-blot with a rabbit pol
trol is indicated below each lane and it was calculated after normalizing for protein loading usinof endogenous XAB1/Gpn1 in the cell nucleus [9], demonstrating that
nucleo-cytoplasmic shuttling of XAB1/Gpn1 occurs under physiological
conditions. Also consistent with a model of RNAPII entering the cell
nucleus in a piggyback manner with another protein, is the fact that
exposure to leptomycin B led to a cytoplasmic accumulation of endoge-
nous RNAPII [9], an effect that suggests that nuclear trapping of a trans-
port factor by leptomycin B is causing a defect in RNAPII nuclear
import. Although this other protein could be any, XAB1/Gpn1 is an obvi-
ous candidate to investigate for the reasons exposed before. Thus, we
have become interested in identifying the molecular signals in XAB1/
Gpn1 that allow this protein to be transported in and out of the cell
nucleus.
3.1. XAB1/Gpn1-EYFP is mainly cytoplasmic but it shuttles between the
cytoplasm and the cell nucleus
To be able to follow the sub‐cellular distribution of XAB1/Gpn1 in
cells, we generated a hybrid protein between human XAB1/Gpn1 and
the ﬂuorescent protein EYFP (XAB1/Gpn1-EYFP). This protein localized
almost completely to the cytoplasm of all transfected HEK 293T/17
cells (Fig. 1A). Leptomycin B, a chemical inhibitor of the nuclear trans-
port receptor Crm1, caused a time-dependent accumulation of XAB1/
Gpn1-EYFP in the cell nucleus (Fig. 1A, B and C). After a two-hour treat-
ment period with leptomycin B, most cells displayed a nuclear ﬂuores-
cence signal of a similar or higher intensity to the one in the cytoplasm.
As the only cellular target of leptomycin B is the nuclear export receptor
Crm1, this result indicates that XAB1/Gpn1-EYFP is indeed entering
the cell nucleus under basal conditions, but that the protein does not
accumulate there due to its transport back to the cytoplasm by a very
efﬁcient nuclear export transport system involving Crm1. Crm1 recog-
nizes its substrates by binding to speciﬁc nuclear export sequences
(NES) [25–28] and a putative NES has been previously proposed for
XAB1/Gpn1 [11]. However, XAB1/Gpn1-EYFP did not accumulate in
the cell nucleus when we simultaneously mutated hydrophobic resi-
dues Φ3 (L254) and Φ4 (V256) in this putative NES (see distribution
of NES5 mutant, Fig. 2B), as it would be expected after the inactivation
of a functional nuclear export signal. The L254A/V256A double mutant
was exactly the same as in Lembo et al., [11] but, althoughwe performed
the mutation in two separate occasions we were unable to reproduce
Lembo's results and the conclusion of these experiments was that, at
least under our experimental conditions, the putative NES formed by
amino acids L247-V256 in human XAB1/Gpn1 was not functional. How-
ever, we could consistently reproduce the ﬁnding that leptomycin B
treatment results in the nuclear accumulation of the otherwise cytoplas-
mic XAB1/Gpn1-EYFP protein, a ﬁnding that suggests that very likely,
XAB1/Gpn1 contains a functional NES. Thus, we focused in identifying
the functional NES in human XAB1/Gpn1.
3.2. XAB1/Gpn1 contains six putative NESs but only one is functional for
nuclear export
Classical NES sequences are short peptides containing four hydropho-
bic residues, called Φ1–Φ4, in a consensus sequence Φ1–(X)2–3–Φ2–
(X)2–3–Φ3–X–Φ4 (where Φn represents one of the hydrophobic amino
acids leucine, isoleucine, valine, phenylalanine or methionine, and X
any amino acid, typically charged, polar or small [12,29]. Visual analysis
of XAB1/Gpn1 primary sequence revealed that this GTPase contains aexpressing a XAB/Gpn1-EYFP fusion protein were treated with 10 ng/ml leptomycin B, a
oints after leptomycin B addition. Nuclei were counterstained with DAPI and photographs
playing XAB1/Gpn1-EYFP in both the cytoplasm and the cell nucleus increased over time
fected cells from four independent experiments. Results are means±SD. C) The cell nu-
ition. The cell nucleus/cytoplasm (n/c) XAB1/Gpn1-EYFP ﬂuorescence ratio was quantiﬁed
cin B on XAB1/Gpn1-EYFP protein levels. HEK 293T/17 cells expressing XAB1/Gpn1-EYFP
hicle for leptomycin B, as a control. Total cell extracts were prepared 3 h after leptomycin
yclonal antibody for XAB1/Gpn1. The ratio for protein levels between leptomycin B and con-
g endogenous XAB1/Gpn1.
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of a classical NES (Fig. 2A). The program NES Finder (http://research.
nki.nl/fornerodlab/NESﬁnder.htm) predicts only one NES in XAB1/Gpn1(NES3 in this manuscript). The program NetNES (www.cbs.dtu.dk/
services/ NetNES) predicted, in addition to the same NES3, another NES
in XAB1/Gpn1, that we termed NES6 here. Our goal was to identify
Fig. 2. Human XAB1/Gpn1 contains six putative nuclear export sequences (NES), NES1 to NES6, but only NES6 is necessary for XAB1/Gpn1-EYFP nuclear export. A) Six short amino
acid sequences in XAB1/Gpn1 ﬁt the NES consensus sequence, described in the literature as Φ1–(X)2–3–Φ2-(X)2–3–Φ3–X–Φ4 [12,29]. The four invariant hydrophobic (Φ) positions
can be occupied by L, I, V, F or M, and are separated by a variable number of any amino acid (X), but typically by charged, polar or small [29] amino acids. Below the consensus
sequence, all putative NESs in XAB1/Gpn1, identiﬁed by visual inspection of the primary sequence, are indicated. NES5 is the NES that was previously reported to mediate
XAB1/Gpn1 nuclear export by Lembo et al. [11] but that we failed to conﬁrm. NES6 is the only NES that we could demonstrate was necessary (see Fig. 2B) and sufﬁcient (see
Fig. 4A) to mediate nuclear export. B) NES6, i.e., amino acids L292–L304 in human XAB1/Gpn1 (see text and Fig. 3) constitutes the only functional NES in XAB1/Gpn1. To assess
NES functionality, hydrophobic amino acids Φ3 and Φ4 in all six putative NESs were mutated to alanine in XAB1/Gpn1-EYFP. HEK 293T/17 cells were transfected with the resulting
molecular constructs and the cells were ﬁxed 24 h later, permeabilized and the cell nucleus counterstained with DAPI. The sub‐cellular distribution of the corresponding wild-type
and mutant XAB1/Gpn1-EYFP1 proteins was assessed under a ﬂuorescence microscope at 60×. XAB1/Gpn1-EYFP proteins with NES1 to NES5 mutants displayed mainly the char-
acteristic localization of the wild-type XAB1/Gpn1-EYFP protein. However, the XAB1/Gpn1-EYFP NES6 (V302A/L304A) mutant, was observed in both, the cytoplasm and cell nu-
cleus, indicating that NES6 is necessary for XAB1/Gpn1-EYFP nuclear export. C) XAB1/Gpn1-EYFP NES6 (V302A/L304A) molecular construct directs the expression of a XAB1/
Gpn1 and EYFP hybrid protein of the predicted molecular size. Total cell extracts were prepared from HEK 293T/17 cells transfected with plasmids encoding EYFP, XAB1/Gpn1-EYFP
wt, or XAB1/Gpn1-EYFP NES6 (V302A/L304A) mutant proteins. Proteins were separated by SDS-PAGE and analyzed by western-blot with a rabbit polyclonal antibody speciﬁc for
XAB1/Gpn1. The ratio for protein levels between NES6 mutant and wt XAB1/Gpn1-EYFP is indicated below each lane, and it was calculated after normalizing for protein loading
using endogenous XAB1/Gpn1. D) The percentage of HEK 293T/17 cells displaying XAB1/Gpn1-EYFP in both the cytoplasm and the cell nucleus increased for the XAB1/Gpn1
NES6 mutant but not for the XAB1/Gpn1-EYFP NES1 to NES5 mutants. The distribution was evaluated by counting at least 300 transfected cells from four independent experiments.
Results are means±SD. E) The cell nucleus/cytoplasm XAB1/Gpn1-EYFP ﬂuorescence ratio increased for XAB1/Gpn1-EYFP NES6 mutant but not for XAB1/Gpn1-EYFP NES1 to NES5
mutants. The cell nucleus/cytoplasm (n/c) ﬂuorescence ratio was quantiﬁed with the program ImageJ. Results are means±SD.
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text of full‐length XAB1/Gpn1 fused to EYFP. We employed site-directed
mutagenesis to change, in all six putative NES identiﬁed by visual inspec-
tion of the XAB1/Gpn1 primary sequence, the last two hydrophobic
amino acids, Φ3 and Φ4, to alanine. The resulting cDNAs were fully
sequenced to be certain they contained only the intended and no other
mutations. Next, we transfected HEK 293T/17 cells with the cDNAs
encoding either the wild‐type or any of the six XAB1/Gpn1-EYFP mu-
tants, and the sub-cellular localization of these proteins was assessed by
ﬂuorescence light microscopy. All except one of the XAB1/Gpn1-EYFP
mutants displayed the same cytoplasmic localization as wild-type
XAB1/Gpn1-EYFP (Fig. 2B, D and E). The V302A/L304A double mutant
XAB1/Gpn1-EYFP, NES6, had a strikingly different sub-cellular distribu-
tion. In contrast to the wild-type protein, the V302A/L304A XAB1/
Gpn1-EYFP mutant protein accumulated in the cell nucleus of all
transfected HEK 293T/17 cells (Fig. 2B, D and E), a ﬁnding consistent
with the inactivation of a functional NES. To be certain that the ﬂuores-
cence signalwas due to a XAB1/Gpn1-EYFP fusion protein, we performed
awestern-blot analysis of whole cell extracts fromHEK 293T/17 cells ex-
pressing eitherwild‐type or V302A/L304Amutant XAB1/Gpn1-EYFP pro-
teins, with an antibody speciﬁc for XAB1/Gpn1. These two proteins had
the expected molecular size for a fusion protein between XAB1/Gpn1
and EYFP (Fig. 2C), conﬁrming that the analyzed ﬂuorescent signal was
indeed due to XAB1/Gpn1-EYFP and not to EYFP alone. These results
allowed us to propose that the peptide 295LRKDMGSVAL304 constitutes
the minimal functional NES in human XAB1/Gpn1, and that, although
XAB1/Gpn1 is continually entering the cell nucleus, this NES mediates
its nuclear export and is responsible for maintaining the protein in the
cell cytoplasm under steady-state conditions. This XAB1/Gpn1 NES se-
quence actually contains a ﬁfth hydrophobic amino acid Φ0 (see nextsection), so we propose that the actual NES sequence spans amino acids
L292–L304 in human XAB1/Gpn1.
3.3. XAB1/Gpn1 NES is evolutionarily conserved and contains, in addition
to hydrophobic amino acids Φ1–Φ4, a ﬁfth hydrophobic amino acid Φ0,
characteristic of high-afﬁnity NESs
Classical nuclear export sequences are typically deﬁned as short
peptide sequences with four conserved hydrophobic amino acids
Φ1–Φ4 separated by short spacer regions between 1 and 3 amino
acids [12,29], as illustrated in Fig. 2A. However, recent structural stud-
ies have allowed the identiﬁcation of a key ﬁfth hydrophobic amino
acid, called Φ0 [30–32], as a critical component of high-afﬁnity NESs.
This newly identiﬁed amino acid Φ0 is also present in classical Rev
and PKI NESs, previously considered to contain only hydrophobic
amino acids Φ1–Φ4 [30]. When we examined the human XAB1/Gpn1
primary sequence it was evident that this Φ0 was also present in
human XAB1/Gpn1 NES (Fig. 3), supporting our data indicating that
this is indeed the functional NES in XAB1/Gpn1, and suggesting that
this NES possesses a specially strong functional activity in nuclear
export (see next section). One salient feature of functionally relevant pro-
tein domains is their conservation through evolution. Non-functional
domains tend to disappear over time, while essential domains will, by
necessity, be maintained. Fig. 3 shows that the newly identiﬁed func-
tional NES is extremely well preserved in model organisms** such as
Saccharomyces cerevisiae, Schizosaccharomyces pombe and other species
of fungi, Caenorhabditis elegans, Xenopus laevis, Danio rerio (zebraﬁsh),
birds, and all species of mammals examined, including humans. It is
worth noting that the ﬁfth hydrophobic amino acid Φ0 is conserved in
all species but fungi listed in Fig. 3. Interestingly, only in this group of
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that might be important for Crm1 binding. However, not all hydropho-
bic amino acids in a NES are essential, as long as the ones present are
close to optimal [12,30]. In any case, the corresponding NES in fungi
XAB1/Gpn1 still contains the four hydrophobic amino acids Φ1–Φ4
that deﬁne this functional motif [12,29]. Conservation of XAB1/Gpn1
NES from yeast tomammals suggests that nucleo-cytoplasmic shuttling
is, very likely, a critical property for XAB1/Gpn1 function in eukaryotic
cells.
3.4. XAB1/Gpn1 NES6 is sufﬁcient to mediate nuclear export of an EYFP
reporter protein
Having shown that XAB1/Gpn1 NES is necessary for nuclear
export in the context of the full-length protein, we next wanted to
determine if a short peptide containing only XAB1/Gpn1 NES6 was
sufﬁcient to mediate nuclear export. To test for this possibility we
inserted a short oligonucleotide encoding amino acids E290-L304 of
human XAB1/Gpn1 in frame with the carboxy-terminal end of EYFP.
This molecular construct was sequenced and transfected into HEK
293T/17 cells to express EYFP with the NES6 peptide fused to the
carboxy-terminal end of EYFP (EYFP-XAB1/Gpn1 wt NES6). Cellular
localization of the ﬂuorescent protein was assessed by ﬂuorescence
light microscopy 24 h after transfection in ﬁxed cells but the distribu-
tion was the same in live cells. EYFP alone distributed between the
cytoplasm and the cell nucleus (Fig. 4A). This was expected, as proteins
of molecular size below 40 kDa diffuse freely through the nuclear
pores. However, the EYFP-XAB1/Gpn1 NES (E290-L304) protein was
completely excluded from the cell nucleus in all transfected HEK
293T/17 cells (Fig. 4A, B and C), indicating that the XAB1/Gpn1 NES6
peptide contained all the information required for nuclear export activ-
ity. We next tested if the nuclear exclusion of EYFP caused by XAB1/
Gpn1 NES6 was dependent on Crm1. To this end, we examined the ef-
fect of leptomycin B on the sub-cellular distribution of EYFP-NES6. Sim-
ilar to the effect on the XAB1/Gpn1-EYFP protein, leptomycin B caused
the nuclear accumulation of EYFP-NES6 (Fig. 4A, B, and C), conﬁrming
that, indeed, this protein is constitutively entering the cell nucleus, as
expected from its molecular size, and that the cytoplasmic localizationFig. 3. XAB1/Gpn1 NES6 contains a critical ﬁfth hydrophobic amino acid Φ0 character-
istic of high-afﬁnity NESs and is evolutionarily conserved. Human XAB1/Gpn1 NES6
was aligned with the corresponding sequences in XAB1/Gpn1 orthologs from the indi-
cated organisms. A ﬁfth hydrophobic amino acidΦ0, recently described as forming part
of high-afﬁnity NESs (see text), is also present in XAB1/Gpn1 proteins from all but
fungi species. However, XAB1/Gpn1 orthologs in fungi indeed possess all four hydro-
phobic amino acids Φ1–Φ4 that deﬁned a functional NES [29]. The conservation of
XAB1/Gpn1 NES6 during evolution is remarkable, supporting the proposal that XAB1/
Gpn1 nucleo-cytoplasmic shuttling plays a fundamental role in XAB1/Gpn1 function
in eukaryotic organisms.results from a very active nuclear export process mediated by the recog-
nition of the XAB1/Gpn1 NES6 attached to EYFP by Crm1. Importantly,
the nuclear exclusion activity of the XAB1/Gpn1 NES peptide was
completely lostwhen theV302A/L304Adoublemutation that inactivated
NES6 in the context of the XAB1/Gpn1-EYFP protein was introduced into
the XAB1/Gpn1 NES6 peptide bound to EYFP (Fig. 4A, B, and C). The dis-
tribution of EYFP-XAB1/Gpn1 V302A/L304A mutant NES6 was indistin-
guishable from that of EYFP alone. From these results we conclude that
the XAB1/Gpn1 NES6 is sufﬁcient for nuclear export, supporting our pro-
posal that NES6 is the functional nuclear export sequence present in
XAB1/Gpn1 that determines the intracellular distribution, and most like-
ly, the function of this protein.
3.5. Molecular modeling of human XAB1/Gpn1 reveals why NES6 but no
other putative NESs is functional
Proteinsmay containmany short helical peptides that adjust perfectly
to the consensus sequence of a NES but only a fraction of those sequences
have an actual role in nuclear export. This is very likely due to accessibility
reasons. Crm1 will certainly not be able to bind a putative NES if this is
located inside a protein with a compact globular structure. Functional
NES are more often located at the amino- or carboxy-terminal ends, or
in accessible loops connecting two structural domains in proteins. Next,
we took advantage of the structural information available on the XAB1/
Gpn1 ortholog in P. abyssi, PAB0955, which was determined by x-ray
crystallography [1], to perform the molecular modeling of human
XAB1/Gpn1. Ourﬁrst goalwas to determine themost likely structural po-
sition of the functional NES we have identiﬁed here on the full-length
XAB1/Gpn1 protein. In addition to the amino-terminal GTPase domain,
eukaryotic XAB1/Gpn1 contains a carboxy-terminal extension that is
not present in archaeal XAB1/Gpn1. Our molecular modeling of human
XAB1/Gpn1 indicates that the amino-terminal GTPase domain and the
carboxy-terminal extension organize as two independent structural
domains joined by a very long α-helix (Fig. 5B and C). According to this
model, the functional XAB1/Gpn1 NES we have identiﬁed here would
be located at the end of thisα-helix, which coincides with the beginning
of the carboxy-terminal domain, exclusive of eukaryotic XAB1/Gpn1. In
agreement with the functional results shown previously, molecular
modeling reveals that the XAB1/Gpn1 NES would indeed be available
for Crm1 binding (Fig. 5B). Accessibility is probably the single critical
factor that deﬁnes which of the putative six NESs found in XAB1/Gpn1
mediates nuclear export in the context of the full-length protein
(Fig. 5A and Table 1). When we calculated the solvent-exposed area as
an indicator of accessibility of all six putative NESs in XAB1/Gpn1, it
was very clear that the only functional NES in XAB1/Gpn1 had a much
larger exposed surface than any of the other ﬁve non-functional
NESs (Fig. 5A and Table 1). Interestingly, the absolute value of the func-
tional XAB1 NES was very similar to snurportin-1 NES, a structurally
well-characterized [31], functional NES (Table 1). We believe that the
agreement between our experimental results and the predicted exposed
surface supports the accuracy of our molecular modeling and lends cred-
ibility to our previous and following conclusions. XAB1/Gpn1 functional
NES displays all features of highly efﬁcient NESs and it seems to originate
the cytoplasmic localization of endogenous XAB1/Gpn1 [2,9] and
overexpressed XAB1/Gpn1-EGFP ﬂuorescent protein [9,11] by exporting
this protein from the cell nucleus to the cytoplasm.
Human XAB1/Gpn1 NES6 could be perfectly modeled after the
bona ﬁde snurportin-1 NES (Fig. 6B). In our molecular modeling, the
functional XAB1/Gpn1 NES6 ﬁts perfectly into the hydrophobic groove
of Crm1 (Fig. 6B), the nuclear export transport factor that directly
recognizes NESmotifs in substrate proteins. Importantly, all ﬁve hydro-
phobic residues Φ0, and Φ1 to Φ4, typical of high‐afﬁnity NESs and
present in XAB1/Gpn1 NES6, could be accommodated into the hydro-
phobic cleft present in Crm1. These results, togetherwith our functional
localization studies, strongly support the proposal thatNES6 is the func-
tional NES in XAB1/Gpn1.
Fig. 4. XAB1/Gpn1 NES6 is sufﬁcient for nuclear export. A) Wild-type but not mutant (V302A/L304A) XAB1/Gpn1 NES6 causes nuclear exclusion of EYFP. An oligonucleotide
encoding human XAB1/Gpn1 NES6 (E290-L304) was inserted in frame to the carboxy-terminal end of EYFP, and plasmids encoding EYFP alone, EYFP-XAB1/Gpn1 wt NES6 or
EYFP-XAB1/Gpn V302A/L304A mutant NES6, were introduced into HEK 293T/17 cells by the calcium phosphate method. Cells were ﬁxed with formaldehyde 24 h after transfection,
nuclei were counterstained with DAPI, and the sub-cellular localization of EYFP was assessed by ﬂuorescence microscopy at 60×. The XAB1/Gpn1 NES6 peptide employed here
included all ﬁve hydrophobic amino acids characteristic of high-afﬁnity NESs highlighted in red in the alignment shown in Fig. 3, plus two additional amino acids amino terminal
to human NES6. Note that XAB1/Gpn1 wt NES6 caused the nuclear exclusion of EYFP. As expected, leptomycin B-treatment caused the nuclear accumulation of the otherwise
cytoplasmic EYFP-XAB1/Gpn1 wt NES6, conﬁrming that, as predicted from the molecular size and the behavior of EYFP alone, EYFP-XAB1/Gpn1 NES6 is passively entering the
cell nucleus but that the cytoplasmic localization of this protein is achieved by a Crm1-mediated, highly efﬁcient nuclear export process. Importantly, the two mutations that
inactivated NES6 in the context of the XAB1/Gpn1-EYFP protein, V302A/L304A, also abrogated the ability of NES6 peptide to exclude EYFP from the cell nucleus. D) The percentage of
HEK 293T/17 cells displaying EYFP ﬂuorescence in both the cytoplasm and the cell nucleus was decreased by thewt but not V302A/L304Amutant XAB1/Gpn1 NES6 peptide. The percent-
age of cells with nuclear and cytoplasmic EYFP ﬂuorescencewas determined by counting at least 400 transfected cells from four independent experiments. Results aremeans±SD. E) The
cell nucleus/cytoplasm EYFP ﬂuorescence ratiowas decreased by thewild-type but not by theV302A/L304AXAB1/Gpn1mutant NES6. The cell nucleus/cytoplasm (n/c)ﬂuorescence ratio
was quantiﬁed with the program ImageJ. Results are means±SD.
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Inactivation of the nuclear export factor Crm1 with leptomycin B
results in the nuclear accumulation of both, endogenous [9] and
overexpressed XAB1/Gpn1 [9,11], demonstrating that, although
this GTPase localizes mainly to the cytoplasm at steady-state, it consti-
tutively cycles between the cell nucleus and cytoplasm. In this report
we identify amino acids 292-LERLRKDMGSVAL-304, that we called
NES6 here, as the only functional nuclear export sequence in human
XAB1/Gpn1, and shown that it is essential for the cytoplasmic localiza-
tion of this protein. Importantly, XAB1/Gpn1 NES6 is both, necessary
and sufﬁcient, for nuclear export, is accessible for Crm1 binding
according to our molecular modeling of human XAB1/Gpn1, and is
evolutionarily conserved from yeast to humans.
Our results differ from those of Lembo et al. [11], who reported that
NES5, one of the six consensus NES sequences present in human XAB1/
Gpn1, mediates nuclear export. Our experiments here failed to conﬁrm
NES5 as a functional NES in human XAB1/Gpn1, and point instead to
residues L292–L304 (NES6) as the actual peptide mediating nuclear
export of this GTPase. This is rather paradoxical, as the nucleocytoplasmictransport cycle for XAB1/Gpn1 was originally proposed solely on the
fact that amino acids L247-V257 (i.e., NES5) inhumanXAB1/Gpn1adjust-
ed perfectly to the NES consensus sequence reported in the literature.
Nuclear accumulation of XAB1/Gpn1 in the presence of leptomycin B
came after and only as a conﬁrmation that this cycle indeed existed
[11]. The reason for the discrepancy between Lembo's ﬁndings and our
own results is not clear. Lembo et al. carried out their experiments in
NIH3T3 mouse cells and added EGFP to the N-terminal end of XAB1/
Gpn1 [11], whereas we performed our studies in human HEK 293T/17
cells and EYFP was fused in the C-terminal end of XAB1/Gpn1. Interest-
ingly, NES6 but not NES5, is evolutionarily well preserved. Mouse and
rat XAB1/Gpn1NES5 lack hydrophobic amino acidΦ4. In all fungi species
analyzed in Fig. 3, XAB1/Gpn1 NES5 also lacks amino acids Φ1 and Φ4,
making it unlikely that NES5 is functional. However, Npa3, the yeast
ortholog of XAB1/Gpn1, coimmunoprecipitateswith the export transport
factor Crm1/Xpo1 [6], indicating the presence of a functional NES inNpa3
and supporting the idea that nuclear export is universally critical for
XAB1/Gpn1 function. Finally, our molecular modeling revealed that
NES6 is the most exposed of all six putative NESs in XAB1/Gpn1
(Fig. 5), again supporting our proposal that this is the functional NES in
Fig. 5. Molecular modeling of human XAB1/Gpn1 indicates accessibility as the fundamental difference between functional and non-functional XAB1/Gpn1 NESs, and suggests a
mechanism for NES inactivation. A) The position and accessibility of all putative XAB1/Gpn1 NESs are shown in a surface representation of XAB1/Gpn1 model. The extent of the
solvent exposed surface area was color-coded, from white (buried) to red (completely exposed) with intermediate values in yellow. The functional XAB1/Gpn1 NES is the one
with the most solvent exposed area, corresponding to NES-6. Solvent accessibility is depicted only for NES sequences. B) XAB1/Gpn1 NES is highly accessible for Crm1 binding
in the context of the full-length protein. We employed the available structural data from the archaeal Gpn1 ortholog PAB0955 obtained by x-ray crystallography [1] to model
human XAB1/Gpn1. Human XAB1/Gpn1 contains two structural domains, i.e., one formed by the amino-terminal GTPase domain (colored gray) and the other by the
carboxy-terminal domain (depicted in green) exclusively present in eukaryotic cells. Note that the NES (colored red) is predicted to be accessible for Crm1 binding. C) XAB1/
Gpn1 NES accessibility might be controlled by intramolecular masking. Molecular modeling reveals the presence of a highly mobile hinge in the middle of the long α-helix (showed
cyan in panels B and C) connecting the two predicted structural domains in XAB1/Gpn1. One of several possible conformations allowed by the high ﬂexibility of this hinge would
result in the folding of the carboxy-terminal domain over the amino-terminal GTPase domain, therefore masking XAB1/Gpn1 NES. In this hypothetical closed conformation the
solvent exposed area is predicted to decrease to values found in non-functional NESs (Table 1). Homology models were built using as templates the crystal structure of
PAB0955, the XAB1/Gpn1 ortholog protein from P. abyssi, and elongation factor Tu from E. coli (PDB accession codes 1YRB, 1YRA, 1YR6 and 2HCJ).
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of all, i.e., our functional localization studies that demonstrate that NES6
but not NES5 is necessary for nuclear export in the context of the
full-length protein, support our conclusion that NES6, i.e. residues
L292-L304 in the human protein, constitute the only functional NES in
XAB1/Gpn1. However, we cannot rule out the possibility that the peptide
identiﬁed by Lembo et al. [11] could be employed under speciﬁc physio-
logical conditions, i.e., unidentiﬁed posttranslational modiﬁcations of
XAB1/Gpn1 or physical association of XAB1/Gpn1 with other proteins
that could potentially change the protein conformation and subsequentlyTable 1
Structural accessibility of nuclear export sequences in the context of the full-length
XAB1/Gpn1 protein determines which of several putative sequences is actually func-
tional for nuclear export. The functional XAB1/Gpn1 NES 6 displays greater accessibility
than non-functional putative NESs 1–5. The value is the mean per residue of the NES
sequence. Note that the absolute value of the functional XAB1/Gpn1 NES 6 is very
close to that of bona ﬁde snurportin-1 NES. Also note that in the closed conformation
of the protein, the accessibility value of XAB1/Gpn1 NES drops to roughly the same
value of non-functional NESs, suggesting a putative intramolecular masking mecha-











NES 1 143–152 14.7 14.1
NES 2 220–229 53.1 53.5
NES 3 231–240 66.6 62.4
NES 4 234–240 50.5 47.3
NES 5 247–256 48.3 48.8
Snurportin-1 [31] 1–14 80.7 91.2NESs accessibility for Crm1 binding. Recent structural studies have
established that high-afﬁnity NESs actually contain ﬁve, and not four, hy-
drophobic amino acids [30–32], as originally thought. This additional
amino acid was called Φ0 and confers NESs with special strength for
Crm1 binding. Interestingly, human XAB1/Gpn1 NES6 also contains this
critical ﬁfth hydrophobic amino acidΦ0. Importantly, this residue is evo-
lutionarily conserved and is part of NES6 in XAB1/Gpn1 orthologs of all
species examined but fungi (see Fig. 3). However, in all fungi species,
XAB1/Gpn1 NES6 contains all four key hydrophobic amino acids
Φ1–Φ4 (Fig. 3) with the optimal 3–2–1 spacing [12], which very likely
makes it functional. In addition, there is a hydrophobic residue amino ter-
minal toΦ2 in the Gpn1 ortholog of all fungi but no other species, which
we speculate constitutes the ﬁfth hydrophobic amino acids present in all
high‐afﬁnity NESs. Structural studies have shown that the rigid ﬁve
pockets in Crm1 can accommodate NESs differing in the number of
amino acids between the hydrophobic key residues [30], supporting
our proposal that NES6 could also be functional in Gpn1 from fungi
species.
Despite the fundamental role played by RNAPII in the ﬂow of
information fromDNA to RNA, and all advances unveiling themolecular
mechanisms regulating transcription, the transport mechanism in-
volved in the nuclear accumulation of RNAPII has not been deﬁned. In
the last year several papers have appeared documenting the essential
role played by the GTPases XAB1/Gpn1 [9], and Parcs/Gpn3 [8], as
well as by Iwr1 [33], in RNAPII nuclear targeting. However, the speciﬁc
molecular mechanisms controlled by these proteins remain unknown.
Although it is possible to envision several plausible mechanisms behind
the critical role of XAB1/Gpn1 in the nuclear accumulation of RNAPII,
several lines of evidence support a model where RNAPII could enter the
cell nucleus in a piggyback manner with XAB1/Gpn1. First, XAB1/Gpn1
and RNAPII associate physically [4–7], second, XAB1/Gpn1 shuttles
Fig. 6. XAB1/Gpn1 NES6 molecular model overlaps the snurportin-1 NES reported structure [31] and the molecular docking shows that NES6 residues ﬁt perfectly in the NES
binding site of Crm1. A) Molecular surface representation of snurportin-1 and XAB1/Gpn1 NES6 model, the color code shows amino acid hydrophobicity ranging from the most
hydrophobic residues in blue to the most hydrophilic in orange. Left image shows snurportin-1 NES, in the same orientation as NES6, shown in the center image. Right image
shows a 90-degree rotation of NES6 to emphasize the hydrophobic nature of the NES sequence. B) Left image, shows the superposition of snurportin-1 NES and XAB1/Gpn1
NES6. Snurportin-1 is colored in gray; NES6 is colored as in panel A. Identity of Φ residues is shown for NES6. Predicted binding interaction of NES6 and Crm1 is shown at the
right image. NES binding site of Crm1 is shown as a molecular surface colored as in panel A. Side chains of NES6 Φ residues are depicted in magenta. The hydrophobic properties
of NES6 residues nicely matched the hydrophobic nature of the NES binding site on Crm1.
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retention of XAB1/Gpn1 with leptomycin B also causes the cytoplasmic
accumulation of RNAPII [9]. In this model, the branch mediating nuclear
export of XAB1/Gpn1 would be as important for RNAPII nuclear import
as the branch mediating nuclear import. This model could also be valid
for XPA, a protein that accumulates in the cell nucleus in response to
UV-light irradiation in a XAB1/Gpn1-dependent manner [3]. Although
the nuclear mechanism involved in XAB1/Gpn1 nuclear entry remains
to be determined, we have identiﬁed here the functional NES in XAB1/
Gpn1 that mediates its Crm1-dependent nuclear export. We are cur-
rently working in two model systems to test for the importance of
NES6 in XAB1/Gpn1 function. One is the yeast S. cerevisiae, which is
amenable to genetic manipulationwith relative ease.We are employing
homologous recombination to replace endogenouswild‐type Npa3 for a
NES6 defectivemutant. In parallel we are engaged in an overexpression/
RNAi-mediated knockdown strategy to replace endogenousXAB1/Gpn1
with a NES6-defective version of this GTPase in mammalian culture
cells. In both systems XAB1/Gpn1 is an essential protein, and we antici-
pate that NES6 will be critical for XAB1/Gpn1 function. Therefore, we
expect that cells expressing exclusively a XAB1/Gpn1 NES6 mutant
will display RNAPII mostly in the cytoplasm, together with a major
defect in cell proliferation.
Several lines of experimental evidence point to a nuclear function
of XAB1/Gpn1 that extends beyond nuclear import of cargo proteins.
XAB1/Gpn1 reactivates transcription from methylated promoters
[11], binds to chromatin [6] and, at least in yeast, is involved in
sister chromatid cohesion [14]. However, at steady-state XAB1/Gpn1localizes mainly to the cytoplasm in both, yeast [34,35] and human
[2,9] cells. We hypothesized that nuclear localization of XAB1/Gpn1
could efﬁciently be achieved by inactivating its highly efﬁcient XAB1/
Gpn1 NES6. Our molecular modeling predicts a highly ﬂexible point in
the middle of the α-helix connecting the two structural domains that
could function as a hinge. According to our modeling, the ﬂexibility of
this region could allow the acquisition of a more compact fold of XAB1/
Gpn1 in which the carboxy-terminal domain would be interacting with
the amino-terminal GTPase domain. This would lead to a complete loss
of NES accessibility (Fig. 5C and Table 1). In fact, in this close conforma-
tion the absolute solvent exposed area of the functional XAB1/Gpn1
NES would drop to values of nonfunctional NESs. Thus, intramolecular
masking of XAB1/Gpn1 NES would block Crm1 binding, which would in
turn inhibit XAB1/Gpn1 nuclear export, causing an accumulation of
XAB1/Gpn1 in the cell nucleus.
Interestingly, NES6 is located in a carboxy-terminal acidic domain
that is exclusive of eukaryotic XAB1/Gpn1 (Fig. 5A). Archaea express a
shorter version of XAB1/Gpn1 [1]. XAB1/Gpn1 is a PACE (Proteins
from Archaea without assigned function Conserved in Eukarya) protein
[36] and, as such, is absent from bacteria but present in archaea and
eukaryotic organisms. The majority of these proteins are involved in
RNA metabolism, most of them in RNA maturation [36]. The ability of
XAB1/Gpn1 to associate with RNAPII [4,6,7] and with nucleolar
pre-ribosomal associated 1 (Npa1) [35], may suggest that XAB1/Gpn1
basic function might be conserved in organisms with or without cell
nucleus. Whereas in archaea the lack of a nuclear membrane would
result in XAB1/Gpn1 and nucleic acids being in constant contact, we
1766 H. Reyes-Pardo et al. / Biochimica et Biophysica Acta 1823 (2012) 1756–1766hypothesized that eukaryotes have acquired another layer of regulation,
and that a putative nucleic acid-related XAB1/Gpn1 function would be
performed only in speciﬁc physiological conditions or phase(s) of the
cell cycle. In conclusion, the evolutionarily conserved NES we have
identiﬁed here in XAB1/Gpn1 is both, necessary and sufﬁcient, for
nuclear export, and endows eukaryotic cells with a molecular mecha-
nism to effectively control the sub-cellular distribution and function of
this essential GTPase. These ﬁndings may improve our understanding
on the essential role played by XAB1/Gpn1 in the nuclear accumulation
of proteins such as RNAPII and XPA, as well as the molecular mecha-
nisms regulating other cellular functions of this GTPase.
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